ABSTRACT
T
he number of individuals with type 2 diabetes (T2D) is increasing throughout the world, and the prevalence of this disease is projected to rise during the next several decades. Estimates indicate that diabetes will affect 366 million people in 2030, compared with 171 million in 2000.
1 T2D results in microvascular and macrovascular disease that produces end-organ damage leading to high morbidity and mortality. 2 Microvascular damage within the brain is associated with cerebral atrophy and other changes thought to underlie T2D-associated cognitive impairment. [3] [4] [5] [6] Furthermore, evidence is growing that the central nervous system effects of T2D may accelerate the rate of cognitive decline among the elderly and increase the risk of developing dementia and Alzheimer disease. [7] [8] [9] Rates of T2D are higher among African Americans compared with individuals of European ancestry. 10 As such, the prevalence of T2D-associated central nervous system and cognitive sequelae among African Americans may also be higher. Few studies, however, have characterized the association between brain structure and cognitive function in a large comprehensively phenotyped cohort of African Americans with T2D, particularly those with relatively well-controlled vascular disease risk factors (hypertension and hyperlipidemia) and access to adequate health care. 11 The purpose of this investigation was to determine the relationship between MR imaging measures of brain structure and cognitive function in an African American population with T2D enrolled in the African American-Diabetes Heart Study MIND. We hypothesized that lower brain volume and a higher burden of WM disease would be associated with poorer performance on tests spanning a variety of cognitive domains.
MATERIALS AND METHODS

Participants
The Wake Forest University Health Sciences institutional review board approved this study, and all participants provided written informed consent. A cohort of 263 unrelated African Americans with T2D were recruited for this investigation as part of the African American-Diabetes Heart Study MIND, funded by the National Institutes of Health. The objectives of the African American-Diabetes Heart Study MIND are to improve our understanding of the risk factors for impaired cognitive function and abnormalities of cerebral architecture in the understudied African American population with T2D.
Participants included in this study were diagnosed with T2D in the absence of diabetic ketoacidosis with the onset of clinical disease after 30 years of age on the basis of the following: 1) active medical treatment (insulin and/or oral hypoglycemic agents), 2) nonfasting blood sugar of Ն200 mg/dL, 3) fasting blood sugar of Ն126 mg/dL, or 4) hemoglobin A1c (HbA1c) of Ն6.5%. Fasting measures of glucose, HbA1c, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, triglycerides, thyroid stimulating hormone, and vitamin B 12 were acquired. Medical and educational histories, vital signs, and active medications were also recorded.
Cognitive Testing
The cognitive battery was organized to evaluate a broad range of cognitive domains known to be associated with brain microvascular disease, which can be present in the setting of T2D. 12 
Brain MR Imaging
MR Imaging Acquisition. Scanning for the initial 73 subjects was performed on a 1.5T Excite HD scanner (GE Healthcare, Milwaukee, Wisconsin) with twin-speed gradients by using a neurovascular head coil (GE Healthcare). High-resolution T1 anatomic images were obtained by using a 3D volumetric inversion recovery echo-spoiled gradient-echo sequence (TR ϭ 7.36 ms, TE ϭ 2.02 ms, TI ϭ 600 ms, flip angle ϭ 20°, 124 sections, FOV ϭ 24 cm, matrix size ϭ 256 ϫ 256, 1.5-mm section thickness). FLAIR images were acquired in the axial plane (TR ϭ 8002 ms, TE ϭ 101.29 ms, TI ϭ 2000 ms, flip angle ϭ 90°, FOV ϭ 24 cm, matrix size ϭ 256 ϫ 256, 3-mm section thickness). Because of a change in MR imaging equipment at the Wake Forest University Health Sciences Center for Biomolecular Imaging, scanning of the subsequent 190 participants was performed on a 3T Magnetom Skyra MR imaging scanner (Siemens, Erlangen, Germany) by using a high-resolution 20-channel head/neck coil (Siemens). T1-weighted anatomic images were obtained by using a 3D volumetric MPRAGE sequence (TR ϭ 2300 ms, TE ϭ 2.99 ms, TI ϭ 900 ms, flip angle ϭ 9°, 192 sections, voxel dimension ϭ 0.97 ϫ 0.97 ϫ 1 mm). FLAIR images were acquired by using a 3D sampling perfection with application-optimized contrasts by using a different flip angle evolution (Siemens) inversion recovery sequence (TR ϭ 6000 ms, TE ϭ 283 ms, TI ϭ 2200 ms, flip angle ϭ 120°, 160 sections, voxel dimensions ϭ 1.1 ϫ 1.1 ϫ 1 mm).
Image Segmentation. Structural T1 images were segmented into GM, WM, and CSF and normalized to Montreal Neurological Imaging space by using the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra highdimensional warping (http://www.neurometrika.org/node/ 34) and the SPM8 software (http://www.fil.ion.ucl.ac.uk/spm/ software/spm8) 29 new-segment procedure, as implemented in the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm.html). Total GM and WM volume and intracranial volume (comprising GM ϩ WM ϩ CSF) were determined from the VBM8 automated segmentation procedure, which outputs a text file with values for native space total GM, WM, and CSF volumes. Whole-brain volumes (GM and WM) are reported milliliters. GM and WM volumes adjusted for intracranial volume were used in the linear regression models.
White Matter Lesion Segmentation. White matter lesion segmentation was performed by using the Lesion Segmentation Toolbox (http://www.academia.edu/2729347/LST_A_Lesion_ Segmentation_Tool_For_SPM _) 30 for SPM8 at a threshold (k) of 0.25. 31 Normalization to Montreal Neurological Imaging space was accomplished by coregistration with the structural T1 and applying the normalization parameters computed in the VBM8 segmentation procedure. The white matter lesion was determined by summing the binary lesion maps and multiplying by the voxel volume; it was reported in milliliters.
Statistical Analyses
Interscanner Variability. Fifteen study participants underwent scanning by using both 1.5T and 3T MR imaging to account for between-scanner variation. Both datasets for each participant were processed by using identical methods. Adjustments were made to account for any systematic differences in volumetric measures between scanners. 32, 33 Linear regression was used to estimate calibration equations between the 1.5T and 3T measurements. These equations were used to determine the corresponding 3T MR imaging value from an MR imaging scan performed on a 1.5T scanner. R 2 values obtained from the calibration equations also provide an estimate of the reliability of 1.5T measurements as predictors of the 3T MR imaging values.
Linear models were fitted to test for associations between measures of cognitive performance (independent variables) and brain MR imaging measures (dependent variables). GM and WM volumes were adjusted for intracranial volume (comprising GM ϩ WM ϩ CSF). The Box-Cox method 33 was applied to identify the appropriate transformation best approximating the distributional assumptions of conditional normality and the homogeneity of variance of the residuals. This method suggested taking the natural logarithm of WM lesion volume and the squared value of the intracranial volume-adjusted WM and GM volumes. Models were run unadjusted and successively adjusted for age, sex, body mass index, T2D severity (HbA1c), and level of education (1 ϭ less than high school, 2-5 ϭ number of years in high school, 5 ϭ graduate, 6 -9 number of years in college [9 ϭ graduate], 10 ϭ postgraduate degree). Adjusted results refer to the model testing for the association between MR imaging variables and cognitive function after adjustment for all 5 covariates. An ␣ level of Յ.05 was used for all statistical tests. Tables 1 and 2 present demographic and laboratory characteristics of the cohort, and Table 3 contains results of brain MR imaging and cognitive function measurements. The reliability coefficient between MR imaging measures obtained on the 1.5T and 3T scanners ranged between 98% for the intracranial volume and 92% for the GM volume. Unadjusted and adjusted analyses were performed to determine the relationships between continuous measures of cerebral anatomy and cognitive function (On-line Table) . Results of the fully adjusted models, including the effects of age, sex, body mass index, HbA1c, and level of education, follow. No significant relationships were detected between glycemic control assessed by HbA1c with WM lesion volume, GM volume, or WM volume (P ϭ .51, P ϭ .36, and P ϭ .35, respectively; data not shown). There were also no statistically significant associations between MR imaging measures and the depression and anxiety evaluations (P Ͼ .05).
RESULTS
As shown in the On-line Table, the modified MMSE had a positive association with GM volume (P ϭ .0023) but no statistically significant association with WM volume (P ϭ .18) or WM lesion volume (P ϭ .15). The MoCA had a positive association with GM volume (P ϭ .022), but no significant association with WM volume (P ϭ .43) or WM lesion volume (P ϭ .82). DSC had a positive association with GM volume (P ϭ .015) and a negative association with WM lesion volume (P ϭ 6.7 ϫ 10 Ϫ4 ), but no significant association with WM volume (P ϭ .12). Stroop interference had a negative association with GM volume (P ϭ .035) and a positive association with WM lesion volume (P ϭ 4.6 ϫ 10 Ϫ3 ), but no significant association with WM volume (P ϭ .26).
The Rey Auditory Verbal Learning Test, VFA, and Stroop errors were not significantly associated with any of the brain MR imag- ing measures (P Ͼ .05). Measures of effect size are provided in the last columns of the On-line Table for lower GM and WM and higher WM lesion volume associated with cognitive test performance. The subcolumns labeled "Absolute" and "%" report the absolute and percentage differences from the mean cognitive score computed for each 1 SD change in MR imaging measure. For example, 1 SD lower GM volume corresponds to lower modified MMSE ("Absolute," "%": Ϫ10.7, Ϫ12.6%), MoCA (Ϫ1.2, Ϫ6.2%), and DSC (Ϫ2.7, Ϫ5.5%) scores and a higher Stroop interference (2.1, 6.8%) score compared with group mean scores reported in Table 3 . A 1-SD higher WM lesion volume corresponds to lower DSC ("Absolute," "%": Ϫ3.3, Ϫ6.9%) and higher Stroop interference (2.9, 9.0%) scores compared with group mean scores reported in Table 3 .
DISCUSSION
The African American-Diabetes Heart Study MIND was designed to improve our understanding of T2D-associated risk factors for impaired cognitive function and abnormalities of cerebral architecture in the understudied African American population with levels of disease control similar to those of individuals of European ancestry. In general, lower whole-brain GM volume and higher WM lesion volume were associated with poorer cognitive performance in this cohort. Measures of GM atrophy, as characterized by lower GM volume, were associated with the greatest number of cognitive domains evaluated, including a variety of general measures of cognitive function, working memory, and executive function. WM lesion volume was associated with a smaller subset of cognitive domains compared with GM volume, including aspects of working memory and executive function. In contrast to measures of GM atrophy and WM lesion volume, there were no statistically significant associations between any measures of cognitive function and WM volume. Furthermore, a few measures of cognitive function demonstrated no associations with measures of cerebral anatomy. Specifically, there were no statistically significant associations with verbal fluency, as measured with VFA, and any of the brain MR imaging measures. As opposed to prior studies of brain anatomy and cognition in African Americans with T2D, participants in the African American-Diabetes Heart Study MIND had relatively good access to health care. 34, 35 This is reflected by high rates of statin use and mean blood pressures, universal treatment for hypertension, and HbA1c and lipid profiles reflecting a level of control seen in studies comprising subjects with European ancestry. As such, the results of this study may not be generalizable to African Americans with T2D that is poorly monitored and/or controlled. T2D is known to be associated with structural changes in the brain, similar to those reported in our study, including cerebral atrophy and WM lesions that correlate with the presence of microvascular and macrovascular ischemic disease. [36] [37] [38] [39] [40] [41] Other cross-sectional studies of T2D have reported associations among brain atrophy, WM lesion burden, and diminished cognitive function. In 1 study, MR imaging variables were used in a stepwise regression model that demonstrated the strongest relationship between GM atrophy and cognitive function, with WM volume and WM lesion volume demonstrating relatively smaller effects on the model. 6 These findings may have relevance in the context of our data in which GM volume was associated with the greatest number of cognitive domains evaluated and WM lesion volume was associated with a smaller subset of cognitive functions. Such findings regarding brain anatomy and cognitive function are important because it is thought that T2D-associated changes in the brain may underlie the increased risk of developing dementia among this population, including a reported 50%-100% increased risk of developing Alzheimer disease. [42] [43] [44] Very likely many factors link MR imaging measures of cerebral anatomy and cognitive function. However, adjustment for age, sex, body mass index, T2D severity (HbA1c), and level of education did not affect these relationships in this study. These findings suggest that the impact of diabetes on brain volume, WM lesion load, and cognitive function that we report was not directed through these pathways. Our results provide an extensive characterization of brain structure and cognitive function focused solely on the understudied African American population with T2D and well-controlled cardiovascular disease risk factors. Strengths include the relatively large sample size of African Americans with diabetes and the breadth of cognitive functions evaluated, which included a variety of domains previously shown to be affected by T2D. This study also used quantitative structural MR imaging measures that have been applied in numerous studies of T2D. However, this study adds to the previous literature by using fully quantitative measures of WM lesion volume previously validated in this cohort, 31 rather than qualitative and semiquantitative measures of WM lesion load.
The limitations of this study include the lack of a nondiabetic control group, cross-sectional design, and lack of covariates that could be related to potential mechanisms, such as medication use and inflammatory markers. This study also focused on wholebrain MR imaging measures rather than evaluating individual brain ROIs such as the hippocampus and frontal lobes, which may more specifically underlie performance in the cognitive domains evaluated. Such investigations of specific ROIs will be conducted in the future once data collection for the entire African AmericanDiabetes Heart Study MIND cohort is completed.
CONCLUSIONS
Results from the African American-Diabetes Heart Study MIND cohort reveal that cognitive function is associated with markers of cortical atrophy and WM lesion volume, independent of diabetes severity in African Americans with T2D. These associations between brain structure and cognitive function are described in a cohort of African Americans with disease control similar to that of individuals of European ancestry, rather than underserved African Americans with poor access to health care. Taken together, our data suggest that interventions to reduce cortical atrophy and white matter disease may have the potential to improve cognitive outcomes in this understudied population.
